Abstract: This paper presents an array of five aluminum nitride (AlN) based piezoelectric micromachined ultrasound transducers (pMUTs) with different dimensions operating at 540-2360 kHz in air. Due to the damping effect of water or oil on the vibration of each individual pMUT, their frequency response tends to merge and significantly increases the bandwidth of the pMUTs array. The device is fabricated based on the deep reactive ion etching (DRIE) process on the backside of an SOI wafer to realize the circular diaphragms. Theoretical calculations, measured frequency response, simulation results, and detail of the fabrication are explained in this paper.
Introduction
Recently, the interest in piezoelectric micromachined ultrasound transducers (pMUTs) is growing. PMUTs are a good alternative for conventional bulk piezoelectric transducers because of their small element size, low power consumption and ease of fabrication of large arrays for imaging and communication applications. However, one of the main criticisms on pMUTs are their relatively narrow bandwidth compared to Capacitive Micromachined Ultrasound Transducers (cMUT) or bulk piezoelectric transducers. There are some recent reports on the fabrication of wide bandwidth pMUT, based on their higher mode of vibration [1] . A second or higher mode of vibration of a rectangular or a circular transducer behaves as a dipole, in which each two adjacent lobes of vibration are 90° out of phase, leading to a destructive effect in the normal direction, hence it radiates poorly. Moreover, higher modes have a much higher resonance frequency and vibrate with lower amplitude than the first mode, which causes them to behave in a nonuniform and sparse frequency response. In this paper, we introduce an array of five pMUTs with different dimensions and as a result different resonance frequencies. The operation of the proposed pMUT array under a viscose medium, leads to damping of the resonance and widening of the bandwidth of each individual pMUT in the array, which by a deliberate design may merge and widen the overall array bandwidth.
Materials and Methods

Design and Fabrication
An array of five individual pMUTs with different diameters, listed in Table 1 , were fabricated, where each pMUT covers a part of the frequency response of the array. The resonance frequency of a multi-layer membrane can be proven to follow this Equation (1):
in which, is the radius of the membrane, is the Young modulus, is the Poisson ratio, is the density of the layer i, ℎ is the thickness of the layer i, and Ω is a constant dependent to the mode of vibration. In order for all the pMUTs in the array to produce a uniform pressure beam pattern, they should physically be as close together as possible. The pMUT3, which has the center frequency in the frequency response of the array, is placed in the center of the pMUT by keeping a 30 µm distance from adjacent pMUTs, as shown in Figure 1a . The first step in the fabrication of the pMUT array is the deposition of 250 nm of Molybdenum as the bottom electrode, 1 µm of Aluminum nitride (AlN) as the piezoelectric material, and 200 nm Titanium as the top electrode. The Ti layer is patterned to be used as the hard mask for the AlN etching. AlN is wet etched in a TMAH based developer at 60 °C, which was shown to create the least under etching possible [2] . Etching the AlN in an identical size as the membrane, releases the stress at the edge of the membrane, which causes to have more deflection during vibration. The Ti layer is patterned again to cover about 70% of the membrane area, where the stress changes from tensile to compressive [3] . This prevents the compressive region of the membrane to reduce the bending moment and decrease the deflection. As the last step in the fabrication, the membrane is released by deep reactive ion etching (DRIE) process and the buried oxide (BOX) is removed, respectively. Since the etch rate of the largest membrane is higher than the smallest membrane in DRIE, we used low RF frequency in order to avoid the notching effect while the smallest membrane is still being etched and the biggest one has reached the BOX [4] . The overall fabrication process is shown in Figure 1b. 
AlN Piezoelectric Material
AlN was deposited by reactive pulsed-DC magnetron sputtering of an Al target in a nitrogen atmosphere, at a pressure of 3 µbar, 850 W power, 200 °C substrate temperature, and 4 cm substrate-to-target distance. We found that the elevated temperature during sputtering of the AlN improves the crystallinity significantly, although at room temperature (002) orientation in the crystal lattice was obtained too. This is proven by the XRD pattern, Figure 2a , and the fact that the rocking curve of the deposited AlN at 200 °C is 0.4° smaller than the one at room temperature. 
Results and Discussions
The frequency response of the pMUTs were measured by laser doppler vibrometer (LDV Polytec MSA-500), and is shown in Figure 2b . For 350 µm and 300 µm pMUTs there are two resonance frequencies, which are the first and the second resonance mode, respectively. The pressure measurement of the array was performed in olive oil to avoid electrical conduction between electrodes [5] . The needle hydrophone (Precision Acoustics Ltd., Dorchester, UK) is placed on top of the array by means of a micro-positioner, as shown in Figure 3a . Figure 3b shows the measured and simulated generated pressure by the fabricated pMUT array at the frequency range of 100-1600 kHz. There are three reasons why the measured resonance frequencies of Figure 2b are different from the simulated ones in Figure 3b . The first is caused by the DRIE process, in which some membranes can be etched more than the others (in the case of a thin BOX layer), so that the resonance frequency deviates from the expected value. The second reason is that the residual stress in the layers tends to increase the resonance frequency by introducing a bending moment to the membrane [6] . The third reason is the fact that the pressure measurement is performed in oil, while the simulation is made considering water environment. It was shown that the transmitted power from an ultrasound transducer can be calculated by the following equation [7] :
where is the radius of the transducer, is the acoustic impedance of the medium, is the wavenumber, is the distance from center of the transducer, and is the speed of the vibration. As it shows, to have efficient excitation of acoustic waves, should be larger than one, i.e., the diameter of the transducer should be in the order of half a wavelength or more. Hence, we chose 5 µm as the thickness of the silicon membrane, which is relatively thick with respect to other designs, in order to have larger diameter with same resonance frequency as a thin membrane.
As shown in Figure 3b , the pressure amplitude is increasing by increasing the frequency. This can be explained by the equation of the generated pressure of a circular ultrasound transducer along its normal axis [8] :
If we substitute Equation (1) solved for in Equation (3), we find that the pressure amplitude increases by increasing the frequency. If the working frequency in a viscose medium is increased up to about 20 MHz or more, the diameter of the transducer tends to be in the range of half a wavelength with reasonable thickness of the membrane. In this case, the transducer is ideal for a real acoustic power transmission into the medium. This is why most of the ultrasound transducers for biomedical imaging or any other short-range imaging applications use high working frequencies. However, 20 MHz or more is not usable for communication, since the absorption of ultrasound wave by water or any other viscose medium does not let the wave to travel a long distance.
Conclusions
A wide bandwidth pMUT array was designed and fabricated based on AlN as piezoelectric material. The array consists of five individual pMUTs with different diameter dimensions to have several resonance frequencies in its frequency response. The resonance frequency of each pMUT in the array is widened by the damping effect of water or oil while it is submerged, and leads to widen the frequency response of the entire array. The frequency response was measured by LDV and the generated pressure was measured by a needle hydrophone in vegetable oil. It was shown that there are five resonance frequencies in the frequency response (100-1.6 MHz) respect to the generated pressure, each with 50-150 kHz individual bandwidth.
